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Bentonite ﬂocculation was performed in a Taylor–Couette reactor coupled with an in situ method of image acquisition and 
analysis. A hydrodynamic sequencing is imposed to perform successive cycles of ﬂocculation and breakage. Depending on 
the shear rate applied during the breakage step, one or two cycles are needed after the ﬁrst ﬂocculation step to recover a full 
reversibility on both size and shape factors. The breakup step produces ﬂocculi that are the build-ing blocks for the next. The 
re-ﬂocculation steps produce smaller sizes and more regular shapes than the initial growth step. The ﬂoc size is calibrated by 
the turbulence as the radius of gyration is close to the Kolmogorov microscale whereas the ﬂoc structure is determined by 
ﬂocculi aggregates. An analysis of the change of the ﬂocs morphology, despite of their diversity, can also be achieved thanks 
to some relevant moments of the distributions. 
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Introduction
A wide variety of particulate processes deal with suspended
particles in ﬂuids (precipitation or synthesis processes, wet
grinding, ﬂocculation, solid–liquid mixing or product formula-
tion, . . .). The population of suspended material, composed of
particles, aggregates or ﬂocs, is characterized by a distribution
usually deﬁned with respect to the mass, the volume, a charac-
teristic dimension of the particle or the number of primary
entities inside the aggregate. The morphological and structural
properties also play an important role on the end-use proper-
ties (catalytic, shape, or texture properties), or their ﬂowing
behavior (viscosity, sedimentation). For these reasons, it is
often important to analyze the effect of hydrodynamic condi-
tions on the whole size and shape properties; this last one
being described at several scales, from the local one (structure,
porosity) to a more global one (silhouette, aspect ratio, circu-
larity, . . .).
The structural properties of aggregates or ﬂocs are currently
described by a fractal dimension representative of the whole
population.1–3 Many other morphological properties may be
extracted from image analysis, allowing characterizing the
global shape of the aggregates, such as the aspect ratio4–6 or
the elongation.7 The presence of concavities (solidity),8,9 the
surface roughness (convexity)8,10 or the circularity which is
sensitive to both the global and local shapes11,12 may also be
calculated from image analysis as well as a 2D fractal dimen-
sion linking the ﬂoc area to the perimeter or to a ﬂoc size.7,13
A focus is done in this article on the ﬂocculation process
which is commonly used for example in drinkable water pro-
duction. During this process, the aggregation of ﬁne particles
suspended in water is enhanced by the addition of a coagulant;
particle aggregation allows their further separation by ﬁltration
or decantation. This operation is usually done under turbulent
hydrodynamic conditions to promote the mixing and the colli-
sion of particles which encounter to form ﬂocs. But the hydro-
dynamic conditions also induce ﬂoc breakage or compaction,
limiting the growth of aggregates. During the ﬁrst period of
the ﬂocculation process, the size of ﬂocs increases rapidly but
then the breakage phenomena take place which counteract the
aggregation process and a stationary state is reached.14–16 The
ﬂoc sizes obtained at steady state are highly correlated with
the hydrodynamic conditions usually expressed by the mean
shear rate G (s21). Higher is G, smaller are the ﬂocs. Many
experimental works of the literature17 indicate a proportional-
ity between the size and G21=2 or directly with the Kolmogo-
rov microscale4,15,18,19 g, both expressions being equivalent.
Sometimes a decrease of the size is observed before reaching
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the steady state suggesting the existence of breakage or
restructuring phenomena20–24.
A sequence of the hydrodynamic conditions, applying alter-
native steps at low and high shear rates is performed to charac-
terize the effect of hydrodynamics on the ﬂoc properties
taking into account their history. Indeed, performing a cycle
sequence comprising three phases (ﬂocculation/breakage/re-
ﬂocculation), Franc¸ois25 put in evidence the non-reversibility
of the process. The sizes of ﬂoc produced by re-ﬂocculation
were smaller than the ones produced during the ﬁrst ﬂoccula-
tion phase. The ﬂocs obtained during the breakage step were
also smaller if the shear rate applied is higher. Such a behavior
was explained by the multi-scale structure of ﬂocs: the pri-
mary particles bond each other to form small aggregates (ﬂoc-
culi) which themselves stick to each other to produce larger
aggregates and ﬂocs. Other papers report the same behavior
concerning bentonite,26–28 kaolin,29 or humic acid.30,31
Moreover, concerning the structure of ﬂocs, several authors
have observed a change of the fractal dimension during the
growth phase of a ﬂocculation process, indicating the forma-
tion of open and irregular structures poorly compacted. The
value of the fractal dimension itself, regardless of the deﬁni-
tion used, varies with the nature of the material and the ﬂoccu-
lation mechanism.28,32 When a shear rate is applied, the fractal
dimension may change depending on the ﬂoc strength and the
breakage mechanism.24
The change of the dispersed medium thus results from a
competition between the aggregation, breakage and restructur-
ing phenomena which all depend on the solid properties, the
physico-chemical conditions and the hydrodynamic condi-
tions. In this context, the in situ simultaneous analysis of size
and shape properties of mineral ﬂocs under controlled hydro-
dynamic conditions could bring a better understanding of the
ﬂocculation process. In this study the physico-chemical prop-
erties will be ﬁxed, a focus will be made on the effect of the
hydrodynamic conditions on the morphological properties of
ﬂocs.
This article presents the results of an experimental work on
the ﬂocculation of bentonite performed under turbulent condi-
tions in a Taylor–Couette reactor. A sequence of the hydrody-
namic conditions is applied to analyze the change of the
morphological properties and their reversibility over succes-
sive cycles.
Experimental Set-Up and Validation Analysis
Materials and methods
A natural clay (bentonite), supplied by CECA Chemicals
was used in this study as a model material due to its properties
similar to those of the materials usually encountered in drink-
able water resources (rivers). The particles of bentonite dis-
persed in water are structured as small aggregates of a few
microns in size constituted by platelets of a ten of nanometers,
resulting themselves from the pile of primary sheets having a
thickness of about one nanometer.33 The experiments were
done at a ﬁxed bentonite mass concentration of 30 mg L21
suspended in demineralized water. To avoid any disturbance
due to the swelling ability of bentonite, the suspension was
prepared long before the experiments. Aluminum sulfate
hydrate with the formula Al2 SO4ð Þ3  14H2O
 
was chosen as
a coagulant, and prepared at an appropriate concentration to
get a ﬁxed concentration of 3.5 3 1025 mol L21 after dilution
of 5 mL of the aluminum sulfate solution into the bentonite
suspension. The pH of the resulting suspension was equal to
4.56 0.1, ensuring the main presence of Al31 ions and allow-
ing a coagulation mechanism by charge neutralization.34
The experiments were performed in a Taylor–Couette reac-
tor constituted by two concentric cylinders of a height of
20 cm. The outer cylinder of a radius Rext511:5 cm is at rest
while the inner cylinder of a radius Rint510 cm rotates at a
chosen angular velocity X. The volume of the separation gap
is equal to 2 L.
In the Taylor–Couette geometry, the dimensionless number
which deﬁnes the ﬂow type is the Taylor number which com-
pares centrifugal inertia forces and viscous forces:
Ta5
RintX
2 Rext2Rintð Þ3
m2
(1)
where X (rad s21) is the angular velocity of the inner cylinder
and m the suspension kinematic viscosity (m2 s21).
Moreover, the mean velocity gradient is deﬁned by:
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where V is the volume of the reactor (m3), q the suspension
density (kg m23), and P (Watt) the global power dissipated in
the reactor function of the torque and the angular velocity,
given by Wendt.35 The dissipated power is also related to
the mean dissipation rate of the turbulent kinetic energy hei
(m2 s23) by:
hei5 P
qV
(3)
And thus:
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In the case of isotropic turbulence, the mean Kolmogorov
microscale, which has a great importance in ﬂocculation anal-
ysis as indicated above, can be estimated from the mean dissi-
pation rate by:
hgi5 m
3
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 1=4
(5)
Floc characteristics were acquired through image processing.
It consists in the capture of images using a CDD camera
(FlowSense EO 16M), synchronized with a laser sheet
(Nd : Yag 532 nm, 30 mJ) illuminating a tangential plane with
a thickness of about one millimeter at the middle distance in
the gap between the cylinders. Grayscale images with a spatial
resolution 4872 3 3248 pixels2 were taken at a frequency of 4
Hz. To reduce refraction effect through the outer cylinder
walls, the Taylor–Couette reactor was enclosed within a cubic
box made of Plexiglas and ﬁlled with glycerol, both having
close refractive indexes. Special attention was paid on particle
image treatment to isolate individual ﬂocs and get high quality
binarized images applying a gray level threshold. Details of
the image processing can be found in Vlieghe et al.36 Binar-
ized images were then analyzed using the Matlab function
named “regionprops.” Several size and shape properties can
be directly determined as the perimeter, area, circle equivalent
diameter, . . . etc. and other morphological parameters, such as
circularity, convexity, solidity, . . . can also be derived from
the previous ones. However many descriptors give redundant
information and some of them are more relevant than the
others. The radius of gyration and the circularity were chosen
here since they were shown, respectively, as relevant size and
shape properties to characterize bentonite ﬂoc size and
shape.36 Let’s remember that the radius of gyration is a size
property calculated by:
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where Ap is the number of pixels on the image of the aggre-
gate, (xi, yi) the pixel coordinates, and (xc, yc) the centroid
coordinates.
The circularity is deﬁned as the ratio of the circle equivalent
perimeter to the actual perimeter:
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The circularity may vary between 0 and 1; it is an indicator of
the overall shape as well as the boundary roughness of the
ﬂoc.
Precisions on experimental protocol and analysis
Sequenced ﬂocculation runs were performed to analyze the
aggregation, break-up and re-structuring processes. During
the experiments, the Taylor–Couette reactor is ﬁrst ﬁlled with
the bentonite suspension and the inner cylinder rotation is
switched on at 100 rpm. The ﬂocculent is then added with a
5 mL calibrated pipette in the separation gap halfway-up the
reactor. A 3-min step at a high rotating velocity (N5100 rpm)
is then applied to promote a rapid mixing of the suspension
with the solution of coagulant and to allow the collision of sin-
gle particles the ones to the others leading to the formation of
the ﬁrst aggregates.
Then alternative steps at low and high shear rates are
imposed as illustrated on Figure 1 allowing the aggregation
and the breakage of ﬂocs. The growth of ﬂocs is thus promoted
when a low shear rate is applied. During these steps, named
“aggregation steps” (steps S1, S3, S5) in the following sec-
tions, the shear rate was ﬁxed at 75 s21 (which corresponds to
an angular velocity N530 rpm) and maintained at this rate
during two hours. The breakage of ﬂocs is then promoted
increasing the shear rate, even if aggregates can still be formed
during this period. The duration of these steps, named
“breakage steps” (steps S2, S4) was ﬁxed at one hour and the
shear rate applied was maintained constant at 280 s21 (N590
rpm) for the Run 1 or 190 s21 (N570 rpm) for the Run 2. The
ﬂow characteristics as deﬁned by Eqs. 1–5 corresponding to
the global hydrodynamic conditions imposed during the
experiments are reported on Table 1. Since the experiments
were conducted in diluted conditions, the suspension
properties were assumed to be identical to those of water.
Whatever the conditions imposed during the sequenced ﬂoccu-
lation process, the hydrodynamic regime corresponds to turbu-
lent Taylor vortex ﬂow.
Several experiments were conducted under the same con-
ditions to evaluate the reproducibility of the results. It was
fairly good both on the number-based and surface-based dis-
tributions of any size or shape parameters obtained at the
end of each cycle sequence. For example the error (in a log-
scale) of the modes of the area distribution calculated on
images of ﬂocs both on a surface or a number base was less
than 2.5%. The errors on the modes of the perimeter distri-
bution never exceed 3.5%. As an illustration, the surface-
based and the number-based perimeter distributions obtained
at steady state after the ﬁrst cycle sequence of breakage (S2)
are, respectively, reported on Supporting Information (see
Figures 10a, b).
However, to ensure a relevant morphological characteriza-
tion, only ﬂoc images composed of 10 pixels or more were
taken into account, thus the smallest aggregates analyzed have
a circle equivalent diameter of 26 lm and the minimum radius
of gyration considered is 9 lm. This treatment mainly affects
the number of ﬂocs considered for the analysis. Depending on
measurements, between 50 and 65% of the detected areas are
eliminated. They correspond to isolated pixels related to the
imprecision of the background as well as to small ﬂocs.
Despite of this treatment, the number of ﬂocs analyzed is
always greater than 60,000.
Due to this procedure, some small ﬂocs, mainly produced
during the breakage steps (or not destabilized) and having a
size less than 10 pixels are not taken into account in the
results. The mass of the sample analyzed from one step to the
other is thus not strictly conserved. However, since the elimi-
nated areas are less than 10 pixels, the cumulated area is only
a little bit affected during this treatment (less than 5%). Mean-
while, the cumulated perimeter is reduced of 15%. But the
trends on the cumulated parameters, such as the number, the
area or the perimeter calculated on the raw data or on the mod-
iﬁed ones neglecting areas less than 10 pixels, are very similar
(see Supporting Information Figures 11a–c). So, this image
analysis procedure can adequately characterize the morpho-
logical properties of ﬂocs and be used for comparison
Figure 1. Experimental protocol.
Table 1. Global Hydrodynamic Characteristics of the
Taylor–Couette Reactor
N (rpm) 30 70 90 100
Ta (–) 3.3 3 106 1.8 3 107 3.0 3 107 3.7 3 107
e m2s23ð Þ 5.4 3 1023 37 3 1023 77 3 1023 106 3 1023
G s21ð Þ 75 190 280 325
g lmð Þ 116 72 60 55
purposes. An increase of the number of ﬂocs results from the
preponderance of the breakage mechanism (steps S2 and S4)
over the aggregation one (steps S1, S3 and S5). Inversely, a
decrease of the number of ﬂocs expresses the preponderance
of aggregation. Similarly, an increase of the cumulated perim-
eter corresponds to the breakage of ﬂocs, while a decrease
indicates a preponderance of the aggregation mechanism or a
signiﬁcant restructuring phenomenon. Finally, an increase
(resp. a decrease) of the cumulated apparent area, which can
be seen in a 3D-view as an apparent volume, results from an
increase of the porosity (resp. a ﬂoc compaction) as far as the
mass is conserved.
Results and Discussion
Surface-based mean ﬂoc characteristics over the
different ﬂocculation steps
The results are ﬁrst analyzed with respect to the mean ﬂoc
characteristics. The changes of the surface-based mean gyra-
tion radius and the surface-based mean circularity vs. time are,
respectively, reported on Figures 2a, b. The corresponding rel-
ative standard deviations (ratio of the standard deviation on
the mean property) for the radius of gyration and the circular-
ity are reported on the paper on-line version (see Supporting
Information Figures 12a, b).
Opposite trends are observed on Figure 2a compared to Fig-
ure 2b all along the different phases. Moreover, the change
corresponding to Run 1 (hGi5280 s21) and Run 2
(hGi5190 s21) are similar but the amplitude is more impor-
tant for the Run 1, for which the gap between the shear stress
for two consecutive steps if higher.
During the ﬁrst phase (S1), the mean radius of gyration
sharply increases during the ﬁrst minutes, as ﬂocs are formed,
and then slowly decreases meanwhile a re-structuration of
ﬂocs occurs (cf. Figure 2a). When the ﬂocs are formed by
aggregation, the change of the standard deviation over time
(see Figure 12a) reveals that the distribution of ﬂocs rapidly
spreads over time ﬁrst and then it decreases indicating a
homogenization of the population. Indeed it was pointed out
on previously that during this change the ﬂoc number and the
cumulative perimeter increase whereas the apparent total area
slightly decreases; all of this being coherent with a breakage
mechanism and ﬁnally a ﬂoc compaction vs. time. Symmetri-
cally, the ﬂoc circularity strongly decreases ﬁrst and then
slowly increases during the ﬁrst phase (Figure 2b). The
decrease of the relative standard deviation (see Figure 12b)
during the ﬁrst aggregation step is also consistent with a
restructuration of the system.
On the base of the evolution of the ﬂoc size and shape distri-
butions (not reported here), it was concluded that a steady state
was reached after about two hours. The stress conditions
imposed during the ﬁrst phase are the same for the two runs.
As expected, the mean radii of gyration are quite similar.
However it can be observed on Figure 2b that the mean circu-
larity differs signiﬁcantly. This difference can only be attrib-
uted to the poor reproducibility of the results during this ﬁrst
phase as it was reported before.
During the second phase (S2) and the fourth as well (S4),
corresponding mainly to breakage due to an increase of the
shear stress, the mean radius of gyration (Figure 2a) strongly
decreases whereas the circularity increases (Figure 2b). The
breakage steps S2 and S4 also lead to a decrease of the relative
standard deviation (see Figures 12a, b in the Supporting Infor-
mation) showing that the population is more homogeneous in
size and shape. The changes vs. time during the two steps are
rather similar. However the steady state is not reached after
one hour during S2, whereas the mean values of the two char-
acteristic parameters do not evolve any more after 1 h during
the step S4. The process time-scale can be evaluated ﬁtting the
mean parameter vs. time with an exponential decreasing law.
Thus, the breakage kinetics is more rapid for the step S4 com-
pared to the step S2 with a reduction of the breakage time-
scale from approximately 3 to 2 min for the Run 1
(hGi5280 s21) and from 11 to 7 minutes for the Run 2
(hGi5190 s21). The structuration induced by the hydrody-
namic conditions during S4 leads to more compact ﬂocs, hav-
ing a mean size slightly smaller (and a circularity slightly
higher) than those produced at the end of S2. Moreover, the
breakage steps imposed during the Run 1 produce ﬂocs having
a mean size clearly smaller (30%) than those produced during
the Run 2, but the ﬂoc shape is nearly the same.
The third and the ﬁfth phase (S3 and S5) mainly correspond
to an aggregation mechanism due to a low shear stress as for
the ﬁrst phase. However, the initial population is not the same;
it corresponds to the population created during the previous
breakage step for S3 and S5 whereas it was composed by ini-
tial aggregates for the phase S1. As a consequence, the growth
is very rapid during the phases S3 and S5 with a reduction of
the aggregation time-scale from 1.5 to 0.9 min for the Run 1
(hGi5280 s21) between the two steps and about 2 min for
Figure 2. (a) Change of the surface-based mean radius of gyration vs. time over the different steps. (b) Change of
the surface-based mean circularity vs. time over the different steps.
both steps for the Run 2 (hGi5190 s21). The mean radius of
gyration of ﬂocs produced during S3 (around 103 lm for
Run1 and 96 lm for Run 2) and S5 (around 103 lm for Run1
and 86 lm for Run2) is smaller than during S1(119 lm for
both runs). Concerning the shape change, it can be observed
on Figure 2b that the mean circularity rapidly decreases during
the steps S3 and S5 and then tends to a stationary and identical
value. The re-ﬂocculation steps S3 and S5 generate a variety
of shapes. Thus, the population of ﬂocs is more heterogeneous
and the relative standard deviation gets higher values. This
effect is more pronounced for the Run 1.
Moreover, the ﬂocs produced during the re-ﬂocculation
steps (S3 and S5) are larger for the Run 1 (hGi5280 s21) than
for the Run 2 (hGi5190 s21). The initial aggregates produce
during the corresponding breakage steps (S2 and S4) are
smaller for the Run 1 (higher shear stress) and this seems to
promote aggregation. During the runs, a slight re-structuration
can be observed. It can above all be observed during the step
S5 for the Run 1. Indeed, the growth ﬁrst and then the break-
age and the re-structuration can only occur if the initial ﬂocs
are small enough. For the Run 1, the ﬁnal state reached during
S5 seems to be identical to the one observed at the end of the
step S3. On the opposite, for the Run 2, the aggregates formed
during S5 are more rounded (having a smaller size and a
higher circularity) than those formed during S3.
To get more quantiﬁed information on the reversibility of
the process over the hydrodynamic sequencing, several ratios
based on the mean properties may be used. For example, the
strength factor (SF) and the recovery factor (RF) as deﬁned by
Franc¸ois25 may be applied both on the breakage and re-
ﬂocculation phases. SF is a measure of the ﬂoc strength prop-
erty and RF quantiﬁes the reversibility of the size change.
These factors have been calculated on the base of the mean
radius of gyration obtained at the end of each phase by the fol-
lowing expressions:
SF5
RgB
RgA1
(8)
RF5
RgA22RgB
RgA12RgB
(9)
where RgB is the mean radius of gyration of ﬂocs at the end of
a breakage step (S2 or S4), and RgA1 (respectively, RgA2Þ; the
mean radius of gyration after a ﬁrst ﬂocculation step (S1 or
S3) (respectively, a second ﬂocculation step S3 or S5).
Similar analysis can be done considering the mean circularity
values and thus deﬁning the circularity factor (CF) which charac-
terizes the ﬂoc compaction and the recovery shape factor (RSF)
which expresses the reversibility of the shape property as:
CF5
CiB
CiA1
(10)
RSF5
CiA22CiB
CiA12CiB
(11)
where CigB is the mean circularity of ﬂocs at the end of a
breakage step (S2 or S4), and CiA1 (respectively, CiA2Þ; the
mean radius of gyration after a ﬁrst ﬂocculation step (S1 or S3)
(respectively, a second ﬂocculation step S3 or S5).
The numerical values of the mean properties at the end of
each phase, as well as the different factors calculated by Eqs.
8–11 are reported on Table 2.
Between the ﬁrst and the second breakage cycle, the
strength factor increases and the ﬂoc compaction is slightly
reduced. The strength factor is also obviously higher and the
compaction lower for the Run 2 (hGi5190 s21) compared to
Run 1 (hGi5280 s21). The ability of breakage is higher when
the stress conditions are more severe and the aggregates are
thus more rounded. Moreover a full reproducibility on both
size and shape factors is observed during the second cycle on
Run 1 (RF(S4) and RSF(S4)5 1). A longer phase duration or
another breakage/re-ﬂocculation cycle would have been neces-
sary to recover perfect reversibility when soft stress conditions
(as for Run 2) are applied.
Steady state distributions of ﬂoc properties
Here are analyzed the size distributions obtained after each
phase under different stress conditions. The surfaced-based
size distributions (with respect to the radius of gyration) and
the number-based size distributions are plotted on Figures 3a,
b for the Run 1 (hGi5280 s21) and Figures 4a, b for the Run
2 (hGi5190 s21).
It is clear on Figures 3a, b and 4a, b that the surface-based
distributions are monomodal whereas the number-based distri-
butions are multimodal, characterized by an important popula-
tion of very small particles and one or even two other
populations of larger ﬂocs. The ﬁne sub-population does not
evolve during the different steps, indicating that this popula-
tion, mainly constituted by the initial particles or very small
aggregates, is not destabilized by salt addition. Let’s now
compare the distributions obtained for these two runs. A clear
distinction between the aggregation and breakage phases can
be done for the Run 1 (hGi5280 s21). This difference is less
pronounced for the second run; the ﬂocs produced during the
aggregation phases being smaller and those formed during the
breakage steps being larger. For both runs, the size distribu-
tions at the end of the breakage steps (S2 and S4) are close to
each other but not perfectly superimposed. The surface-based
distributions slightly move toward smaller sizes in agreement
with the observations done previously on the mean values.
Table 2. Reported Values of the Mean Properties of Flocs at
the End of Each Step: (a) Radius of Gyration;
(b) Circularity
Run 1
G5280 s21
Run 2
G5190 s21 Gap %
(a) Rgmean(mm) at the end of the cycle
S1 118.9 119.0 0.1
S2 53.7 69.6 29.6
S3 103.2 95.8 7.7
S4 50.1 63.9 27.5
S5 102.9 85.5 20.3
Characteristic ratios
SF(S2) 0.45 0.58
SF(S4) 0.49 0.67
RF(S2) 0.76 0.53
RF(S4) 0.99 0.68
(b) Cimean(–) at the end of the cycle
S1 0.57 0.59 3.3
S2 0.70 0.68 2.8
S3 0.59 0.62 5.4
S4 0.71 0.69 2.2
S5 0.59 0.64 9.2
Characteristic ratios
CF(S2) 1.22 1.15
CF(S4) 1.20 1.12
RSF(S2) 0.87 0.66
RSF(S4) 1.00 0.71
Looking at the number-based distributions, it can be see that
the mode of the main population is the same (around 39 lm
for the Run 1 and 44 lm for the Run 2) for the steps S2 and
S4, only the maximum size and the proportion of larger ﬂocs
are different for these two breakage steps. It may be assumed
that the ﬂocs are calibrated by the hydrodynamics conditions
and this process initiated during S2 continues during S4. Sta-
tionary identical states could probably be achieved with a lon-
ger breakage phase duration.
Concerning the re-ﬂocculation steps, the size distributions
recovered at the end of the steps S3 and S5 are well superim-
posed (both on surface-based and number-based distributions)
for the Run 1 (hGi5280 s21) which can thus be assumed as
fully reproducible, whereas the aggregation mechanism during
the Run 2 (hGi5190 s21) is only partially reversible. More-
over, the number-based distributions allow observing the pres-
ence on the curves associated with the re-ﬂocculation steps S3
and S5 of a sub-population corresponding to the primary mode
of ﬂocs produced during the previous breakage steps (around
39 lm for the Run 1 and 44lm for the Run 2). This is more
obvious for the Run 2, for which trimodal distributions are
obtained, constituted by passive primary aggregates (mode
around 12 lm), small ﬂocs resulting of the breakage step
(mode around 44 lm) and large ﬂocs obtained by aggregation
(mode around 75 lm).
As depicted in the introduction, the effect of the hydrody-
namic conditions on the ﬂoc size can be interpreted on
the base of the viscous dissipation of the kinetic energy
occurring at the Kolmogorov micro-scale. Here, the mean
Kolmogorov calculated for the different shear rates imposed
during the cycle sequence: hGi575 s21ð ) for the aggrega-
tion steps, (hGi5280 s21—Run 1) on one hand and
(hGi5190 s21—Run 2) on a second hand for the breakage
steps has been compared on Figure 5 to the mode of the
related ﬂoc size distributions.
All along the ﬂocculation sequence, the ﬂocs mainly have a
size close to the mean Kolmogorov micro-scale, indicating
that the ﬂocs produced under a shear rate are calibrated by the
Kolmogorov microscale in agreement with previous results of
the literature. Concerning the breakage steps (S2 and S4), the
ﬂoc characteristic diameter (mode of the Rg distributions)
remains close to the mean Kolmogorov microscale although it
Figure 3. (a) Surface-based gyration radius distributions for the different steps—Run 1(hGi5280 s21). (b) Number-
based gyration radius distributions for the different steps—Run 1 hGi5280 s21 ).
Figure 4. (a) Surface-based gyration radius distributions for the different steps—Run 2 (hGi5190 s21). (b) Number-
based gyration radius distributions for the different steps—Run 2 (hGi5190 s21).
is slightly reduced between the two cycle sequences. The char-
acteristic size corresponding to the ﬂocs produced during the
ﬁrst aggregation step (step S1) is higher than the mean Kolmo-
gorov microscale. But it decreases then for the following re-
ﬂocculation steps (S3 and S5), and becomes lower than the
mean microscale, especially for the Run 2. Let’s remember
that the hydrodynamics in the Taylor–Couette is heteroge-
neous showing more or less stressing conditions depending on
the zones of the reactor; the more intense being is in the wall
regions and the less one in the center of the toroidal vortices.
So large ﬂocs may be formed in the regions where the stress
conditions are the softest and be broken when they pass
through the zones where the stress conditions are harder.
We consider now the circularity distributions obtained at
steady state for the different phases and runs. The surface-based
and number-based circularity distributions are, respectively,
reported on Figures 6a, b for the Run 1(hGi5280 s21) and Fig-
ures 7a, b for the Run 2 (hGi5190 s21).
Contrary to the size distributions, both the surface-based and
the number-based circularity distributions are monomodal. For
both experiments, the distributions corresponding to the breakage
steps (S2 and S4) are close, the circularities being slightly higher
at the end of the step S4. Moreover the number and surface distri-
butions are very similar. The effect of size in correlation with the
type of representation is not signiﬁcant (the surface distribution
putting in evidence the property of the coarser fraction compared
to the number distribution). The similarity between the two types
of representation suggests that all the sub-populations, distin-
guishable by their size, present the same variety of shape. On the
contrary the ﬂocs produced during the aggregation steps, espe-
cially during the ﬁrst step (S1) have different distributions
depending on the type of representation. The effect of size corre-
lated with the type of representation is now signiﬁcant. Although
the initial population or the ﬂocs produced during the breakage
steps have similar size and shape, the large ﬂocs appeared during
the aggregation phases lead to a variety of shapes. The range of
variation of the circularity is increased on the left hand side of
the curves (less circular ﬂocs are created). This effect is clearly
seen on the surface distributions, but also on the number distribu-
tions. For the Run 1, the circularity distributions after the three
aggregation phases are rather similar. This is not surprising since
the hydrodynamic conditions which produced the initial ﬂocs
were close (100 rpm during the coagulation phase before the step
S1, compared to 90 rpm for the breakage steps before the re-
ﬂocculation phases). On the contrary for the Run 2, the initial
ﬂocs for the re-ﬂocculation steps S3 and S5 (produced at 75 rpm)
are different to those forming the initial population for the step
S1. Finally, if soft conditions are applied during the breakage
steps, the initial ﬂocs for the aggregation phase are larger and
they give birth to smaller ﬂocs, less complex (more rounded ﬂocs
having a higher circularity).
Quantitative Analysis of Populations During the
Flocculation Steps
In this section, attention is paid on the shape of the distribu-
tions. It is often convenient to compare the distribution of a
population with some classical ones, as the normal or the log-
normal distributions. This can be easily done calculating
selected parameters derived from some speciﬁc moments
of the distribution. The ﬁrst raw moment m1ð Þ taking into
Figure 5. Comparison of the floc size with the Kolmo-
gorov micro-scale.
Figure 6. (a) Surface-based circularity distributions for the different steps (hGi5280 s21—Run 1). (b) Number-based
circularity distributions for the different steps (hGi5280 s21—Run 1).
account the ﬂoc surface represents the surface mean, as
reported on Figures 2a, b. The standard deviation rð Þ of the
surface-based distribution is the positive square root of the
second central moment. The moments of the distributions
were calculated directly from the experimental data measured
on several thousands of individual ﬂocs.
Since the distributions of the radius of gyration are plotted
on a log-scale, it is more relevant to compare them to a log-
normal distribution. For that purpose, the moments of the
steady state distributions of Rg in log-scale were calculated
allowing the determination of the two characteristic parame-
ters lRg and rRg of the log-normal law (see Table 3a). The the-
oretical log-normal distributions were then compared to the
experimental distributions of the radius of gyration. An illus-
tration is given in the Supporting Information (Figure 13a) for
the Run 1. Similar results were obtained for the Run 2 (not
reported here). It is obvious that log-normal laws cannot prop-
erly ﬁt the experimental size distributions. The general trend
of the curves is well simulated but the theoretical laws under-
estimate the amount of small aggregates on the left part of the
curves. The modes of the distributions are lower than the
experimental modes and the maximum surface percentages
are also underestimated.
The same analysis was done for the circularity distributions,
excepted that they were compared to normal laws. The corre-
sponding values of the characteristic parameters lCi and rCi of
the normal law are reported on Table 3b. A comparison with
the experimental distributions is reported on the Supporting
Information (Figure 13b) for Run 1. The same observations
were done for the Run 2. The experimental circularity distribu-
tions are better predicted by normal laws than previously but
the curves are not perfectly ﬁtted.
Additionally, some other moments of the distributions can
be used to reﬁne the analysis. Indeed, the skewness (s), which
indicates if a distribution is symmetric or has a tail on the left
or the right side, is the normalized third central moment and
the kurtosis (or excess kurtosis) (j2 3) which is a measure of
the heaviness of the tail of the distribution, compared to a nor-
mal distribution is the normalized fourth central moment
minus 3. By this way, a normal distribution is characterized by
s5 0 and j2 35 0 and a log-normal distribution by slog5 0
and jlog2 35 0. The corresponding values are reported on
Figures 8a, b.
The skewness, calculated on a surface-based and character-
izing here the distribution of log Rgð Þ takes always negative
values (Figure 8a), indicating a tail of the distributions on the
left. This is the signature of the presence of the initial particles
or small aggregates that are not destabilized and stay
unchanged over time. Moreover during the aggregation
phases, the absolute value of slog increases because the distri-
butions move toward larger sizes due to the ﬂoc growth but
the tail characterizing the small aggregates still remain.
Inversely, during the breakage steps, the modulus of slog
Figure 7. (a) Surface-based circularity distributions for the different steps (hGi5190 s21—Run 2). (b) Number-based
circularity distributions for the different steps (hGi5190 s212Run 2).
Table 3. Fitting of the Experimental Distributions:
(a) Log-Normal Distributions of the Radius of Gyration;
(b) Normal Distributions of the Circularity
(a) dFdlog Rg5
1
log rRgð Þ ﬃﬃﬃﬃ2pp exp 2
log Rg=lRg
  2
2log rRgð Þ2
0
@
1
A
Run 1
G5280 s21
Run 2
G5190 s21
lRg rRg lRg rRg
S1 108.85 1.52 109.95 1.49
S2 49.40 1.49 64.07 1.51
S3 92.76 1.58 87.35 1.52
S4 46.06 1.49 59.14 1.49
S5 92.76 1.58 78.26 1.51
(b) dFdCi5
1
rCi
ﬃﬃﬃ
2p
p exp 2
Ci2lCið Þ2
2r2
Ci
 
Run 1
G5280 s21
Run 2
G5190 s21
lCi rCi lCi rCi
S1 0.57 0.12 0.59 0.11
S2 0.70 0.10 0.68 0.10
S3 0.59 0.12 0.62 0.11
S4 0.71 0.09 0.69 0.10
S5 0.59 0.12 0.64 0.11
decreases, the distribution moves toward the left and becomes
more symmetric. Simultaneously, the excess kurtosis has posi-
tive values (Figure 8b) revealing the heaviness of the tail of
the distribution, once again due to the presence of the small
passive sub-population.
Considering the circularity distributions, the skewness and
the excess kurtosis, calculated on a surface basis have been
reported on Figures 9a, b. The skewness (Figure 9a) which has
initially a positive value decreases over time. It expresses the
presence of a tail on the right side corresponding to the pri-
mary particles or small ﬂocs which have a high circularity.
Their proportion decreases due to the aggregation mechanism
and hence the skewness decreases. The excess kurtosis is
always negative (Figure 9b), characterizing rather large and
ﬂat distributions. During the breakage steps S2 and S4, the
skewness takes negative values during the breakage steps,
indicating a tail on the left of the circularity distributions. The
absolute value of the excess kurtosis decreases so the circular-
ity distributions become less ﬂat. The variety of shapes is
more important during the re-ﬂocculation steps S3 and S5.
While the excess kurtosis is quite similar, the skewness differs
signiﬁcantly between the two runs. For the Run 1, the skew-
ness gets positive value, indicating a tail on the right part of
the distribution; the small ﬂocs, produced in a high proportion,
having a higher circularity. For the Run 2, the absolute value
of the skewness is lower than during the breakage steps, show-
ing that the distributions becomes more symmetric but the
skewness still remains negative. Larger are the ﬂocs, less cir-
cular they are and their presence is detected on the queue at
the left of the distributions. So, the soft conditions imposed
during the breakage steps of the Run 2 (hGi5190 s21) induce
a better homogeneity of shapes during the re-ﬂocculation steps
than for the Run 1 (hGi5280 s21).
The analysis of variables such as the relative standard devi-
ation, the skewness and the excess kurtosis gives an interesting
complementary information to the one of the full distributions.
Indeed, it has been seen here that nearly all the information on
the change under hydrodynamic conditions of the full distribu-
tions over time is contained within these three variables. The
main advantage of this analysis is that the knowledge of the
ﬁrst moments of the distribution, and not the distribution itself,
is needed to interpret the effect of any parameter on the ﬂoccu-
lation mechanism. The interest of this approach is in the
modeling of the ﬂocculation process based on bidimensional
population balance and solving it using a method of moments.
However a limitation of this analysis is when the population
distribution is multimodal, as with the number-based size dis-
tribution reported above. The interpretation of the speciﬁc
Figure 8. (a) Skewness of Rg distributions over time. (b) Excess kurtosis of Rg distributions over time.
Figure 9. (a) Skewness of Ci distributions over time. (b) Excess kurtosis of Ci distributions over time.
variables, such as the relative standard deviation, the skewness
and the kurtosis is much more complex.
Conclusion
This article reports experimental results of bentonite ﬂoccu-
lation performed under controlled turbulent conditions apply-
ing successive cycles of aggregation and breakage. The
different cycle sequences corresponding to preponderant
aggregation or breakage mechanisms can easily be distin-
guished on the change of the cumulated ﬂoc number or the
cumulated perimeter. The total area does not change a lot over
the sequence. It can express a slight change of the internal
porosity of ﬂocs.
The change over the cycle sequence of the circularity and
the radius of gyration have been analyzed both on the number-
based and surface-based distributions which give complemen-
tary information. Indeed, unlike the surface-based distribu-
tions which put more in evidence the biggest aggregates, the
number-based distributions are more representative of the
whole population of ﬂocs, but they may include a measure-
ment bias since the particles having a size less than 10 pixels
are not taken into account.
The number-based distributions of the radius of gyration are
bimodal; they involve the signature of an inert population of
primary particles and a second population of ﬂocs (or ﬂocculi)
whose mode changes based on the cycle sequence performed
at a low or high shear rate. On the contrary, the surface-based
distributions are monomodal, characteristic of the population
of ﬂocs or ﬂocculi mode changing according to the shear rate
applied. Both the number-based and surface-based distribu-
tions only have one mode; the different populations of ﬂocs
distinguishable by their size present a wide variety of shapes.
The breakage steps produce ﬂocculi whose size is calibrated
by the hydrodynamics. These small ﬂocs, more dense than the
initial aggregates formed, serve then as bricks to form larger
ﬂocs during the next aggregation step. For this reason, the
restructuring phenomena usually observed maintaining a con-
stant shear rate during a ﬂocculation process is no more pre-
sent after the ﬁrst cycle during a sequenced run. So, after the
ﬁrst breakage step, a stronger correlation appears then between
the size and the shape of ﬂocs over the following cycle
sequence, whatever the step (breakage or aggregation) at
steady state and during the transitory state as well. Finally a
full reversibility on both ﬂoc size and shape can be reached
after one or two cycles depending on the shear rate applied.
Moreover, the change over time of the size and shape of
ﬂocs can also be expressed looking at some relevant moments,
especially those used for the calculation of the mean, the stan-
dard deviation, the skewness and the excess kurtosis. This
approach may be particularly useful for modeling purposes
based on population balance models. Indeed, once more than
one property has to be considered, such as the radius of gyra-
tion and the circularity in the present case, or even more rele-
vant ﬂoc properties, such as the area and the perimeter, the
moment based methods to solve the population balance equa-
tions may be fruitful.
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